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Abstract
Exciting new scientific opportunities are presented for the PANDA
detector at the High Energy Storage Ring in the redefined pp(A) col-
lider mode, HESR-C, at the Facility for Antiproton and Ion Research
(FAIR) in Europe. The high luminosity, L ∼ 1031 cm−2 s−1, and a
wide range of intermediate and high energies,
√
sNN up to 30 GeV for
pp(A) collisions will allow to explore a wide range of exciting topics in
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QCD, including the study of the production of excited open charm and
bottom states, nuclear bound states containing heavy (anti)quarks,
the interplay of hard and soft physics in the dilepton production, prob-
ing short-range correlations in nuclei, and the exploration of the early,
complete p-p- annihilation phase, where an intially pure Yang-Mills
gluon plasma is formed1.
1 Introduction
The experimental discovery of charmonium [2, 3] and bottomonium [4] in
e+e− and pA collisions suggests that hadrons containing heavy quarks can
be investigated in hadronic processes, where a dense, strongly interacting
medium is formed. It can be particularly useful to study the annihilation of
antiprotons on free protons and baryons bound in nuclei in pp(A) collisions,
in both collider and fixed-target experiments at collision energies of
√
s = 2-
200 GeV.
A unique opportunity to do this in the near future is provided by the Fa-
cility for Antiproton and Ion Research (FAIR)2, with the PANDA detector3
at the high-energy storage ring (HESR). This concerns both, the presently
developed HESR fixed-target mode at
√
s < 5.5 GeV, and a future collider
mode at
√
s < 30 GeV, with PANDA as midrapidity detector, see the Ap-
pendix for a brief description of the detector.
The collider mode would only need additional proton injection-/beam
transfer lines from the SIS18 directly into HESR, as discussed in Ref. [5]. The
proton beamline which shall shoot ions and protons clockwise directly into
the HESR-Collider shall come down from the transfer beam line connecting
the SIS18 with the SIS100. Two switches in both directions for clockwise and
counterclockwise (and vice versa) rotating p and p beams can be realized in a
way similar to the double switch shown as the blue beamline in Fig. 1, so that
both the antiprotons and the protons can be made to circulate the HESR-C
counterclockwise and/or clockwise, whereas the PANDA detector can remain
nearly unchanged. This allows to eliminate the need for an additional forward
arm spectrometer. Fig. 1 also shows the detector areas for
1The present article is based on the article [1] to be published in the Springer-Nature
FIAS Interdisciplinary Science series.
2https://fair-center.eu/
3https://panda.gsi.de/oldwww/, https://panda.gsi.de/frontpage
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Figure 1: The existing GSI facility is shown on the left, in dark-blue the
existing GSI accelerator facilities and ion sources. On the right the new
FAIR complex is displayed in red with its 100 and 300 Tm super-conducting
double-ring synchrotrons SIS100 and SIS300 (Fig. adapted from [5]).
1. atomic and plasma physics, biomedical and material sciences (APPA),
2. the relativistic nucleus-nucleus collision experiments CBM and HADES,
3. the radioactive beam facility (NUSTAR),
4. the hadron physics detector system PANDA as well as the rare- isotope
and antiproton production targets with storage rings.
Proposed beamlines for transport of protons and ions from SIS18 directly
to the High Energy Storage Ring HESR [5] and of antiprotons and exotic
ions from HESR to the ESR/CRYRING are shown in addition (light blue).
To control the systematics and to cover the full range of kinematic accep-
tance with the PANDA setup it is important that for every injection point
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of protons and antiprotons into the HESR-C, switches with two injection
directions will be installed, such as shown in the dark-blue beamline, so that
both the antiprotons and the protons can be made to circulate the HESR-C
counterclockwise and/or clockwise.
After the start phase the facility will be completed by the experimental
storage rings NESR (New Experimental Storage Ring) and RESR (Recu-
perated Experimental Storage Ring) enhancing the capabilities of secondary
beams and by the superconducting synchrotron SIS300 providing true paral-
lel operation of experimental programs as well as particle energies twentyfold
higher compared to those achieved so far at GSI. Additionally, asymmetric
HESR collider schemes with somewhat lower center-of-mass energies have
been discussed in detail [6, 7, 8]. It may also be feasible to study pA colli-
sions for
√
sNN of up to 19 GeV with interesting physics opportunities [9, 10].
Luminosities of up to 5 · 1031 cm−2s−1 can be reached at √s ' 30 GeV in
the symmetric pp collider mode at the HESR [11, 12]. The collision scheme of
twelve proton bunches colliding with the same amount of antiproton bunches
has to be adapted to the HESR. This modification of the HESR requires a sec-
ond proton injection, the Recuperated Experimental Storage Ring (RESR),
the 8 GeV electron cooler and a modification of the PANDA interaction re-
gion.
Besides the deceleration of rare-isotope beams, the RESR storage ring
also accumulates high-intensity antiprotons, via the longitudinal momentum
stacking with a stochastic cooling system [13]. This is achieved by injecting
and pre-cooling the produced antiprotons at 3 GeV in the Collector Ring
(CR) storage ring.
The antiproton beam intensities in the HESR proton-antiproton collider
version require a full-energy electron cooler (8 MeV) to avoid beam emittance
growth, which results in a decreased luminosity during the cycle. The Budker
Institute of Nuclear Physics (BINP) presented a feasibility study for magne-
tized high-energy electron cooling. An electron beam up to 1 A, accelerated
in dedicated accelerator columns to energies in the range of 4.5-8 MeV has
been proposed. For the FAIR full version, it is planned to install the high-
energy electron cooler in one of the HESR straight sections [14, 15, 16].
In the fixed-target mode, at Ekin = 4-10 GeV, it will be possible to per-
form complementary measurements of the cross section of charmonium in-
teractions with nuclear matter with the PANDA detector.
A conservative estimate of the p luminosities which can be reached at
the startup phase without RESR is 4 · 1030 cm−2s−1. We will use it below
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in our estimates assuming a one-year run (107sec). Energies of
√
s up to
30 GeV could be reached and it may also be feasible to study pA collisions
for
√
sNN of up to 19 GeV. In the present work we outline how the collider
at the HESR machine will extend the scope of the PANDA project, with
a focus on a few highlights. In Sections 2 and 3 we discuss the potential
of the pp collider to provide new information in the field of heavy quark
physics, with some attention devoted to the possible discovery of new states.
Some other related opportunities are outlined in Sec. 4. Sec. 5 presents a
number of additional physics topics that could be explored in both pp and
pA modes. These include the production of nuclear fragments containing c/b
and/or c/b quarks, cc/bb pair production, color-fluctuation effects, probing
pure-glue matter, and the production of low-mass dileptons.
Concluding remarks in Sec. 6 close the article.
2 Study of heavy-quark bound states
A number of new states containing heavy quarks have been discovered re-
cently. These can be interpreted as pentaquark and tetraquark states con-
taining cc pairs. Some of the states are observed in decays of mesons and
baryons containing b-quarks, others in the final states of e+e− annihilation,
for a review see [17].
It is widely expected that these discoveries represent just the start of the
exploration of rich new families of states containing heavy quarks. Under-
standing the dynamics responsible for the existence of these states would
help to clarify many unresolved issues in the spectroscopy of light hadrons.
A unique feature of an intermediate-energy pp collider is that it enables
the study of the production of QQ (Q = c, b) pairs and the formation of var-
ious hadrons containing heavy quarks rather close to the threshold. The bb
pairs are produced mostly by annihilation of valence quarks and antiquarks,
i.e. qq → QQ. The production of cc pairs in the antiproton fragmentation
region also corresponds to this mechanism.
The invariant masses of the produced QQ pairs are much closer to the
threshold in the discussed energy range than at LHC energies. It is natu-
ral to expect that the large probability to produce final states with small
QQ invariant masses should lead to a higher relative probability to produce
pentaquark and tetraquark states compared to the one at LHC energies. Ad-
ditionally, the small transverse momenta of the QQ pairs facilitate the pick
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up of light quarks as compared to Q or Q fragmentation. In the antiproton-
fragmentation region another QQ production enhancement mechanism, spe-
cific for antiproton interactions, is possible: the production of QQ pairs with
large x ∼ 0.2-0.4 in the annihilation of qq, which could merge with a spectator
antiquark of the antiproton carrying x ∼ 0.2.
Another effect which can help to observe new states in medium-energy
pp collisions is the relatively low spatial density of the system produced
at moderate energies. This should suppress final-state interactions, which
could possibly hinder the formation of weakly bound clusters of large size.
An additional advantage is a relatively small bulk hadron production which
reduces the combinatorial background significantly as compared to the LHC.
2.1 The heavy quark production rates
The need for tt-production cross sections has stimulated the development of
new computational techniques for heavy-quark production in hadron-hadron
collisions (see, e.g., Refs. [18, 19]), in particular those which include the
effects of threshold resummation.
These calculations, which are currently being validated by comparison to
data at high collision energies, predict the following cross section for the bb
pair production in pp collisions [20]:
σbb(
√
s = 30 GeV) = 1.8 · 10−2 µb. (1)
This calculation has a relative uncertainty of about 30%, and the predicted
cross-section value is about seven times higher than the corresponding cross
section for pp scattering because of the contribution of the valence-quark
valence-antiquark annihilation present in pp. The bb cross section per nu-
cleon for the 15 GeV× 6 GeV kinematics is a factor of 100 smaller. Charm
production is dominated by gluon annihilation, gg→ QQ. This fact implies
that the corresponding cross sections are similar in pp and pp collisions, with
the exception xF close to one. The experimental data in this case are rather
consistent between pp and pp and correspond to
σcc = 30µb. (2)
For the 15 GeV × 6 GeV scenario the cross section per nucleon drops by a
factor of 3.
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2.2 Rate estimates
The cross sections in Eqs. (1) and (2) correspond to significant event rates
for one year (107 s) of running at a luminosity of 4 · 1030 cm−2s−1. We find
Nbb = 10
6, Ncc = 10
9. (3)
These numbers can be easily rescaled for a run at a different luminosity, if
required.
In b-mesons and baryons b-quarks carry most of the hadron light cone
fraction. In the discussed energy range b-quarks are produced with large
light cone fractions xb ∼ 2mb/
√
s comparable with those of the valence
(anti)quarks, xq. However the valence quarks have a large probability to loose
their light cone fraction due to the final state interaction. This enhances the
coalescence probability of the b-quark and the valence antiquark. One finds
a broad distribution over invariant mass of bq¯, leading to the expectation
of significant formation of excited states in both the meson and the baryon
channels, as well as an enhanced probability of the production of theexcited
bb¯qq¯ tetraquark or (bq¯)− (b¯q) mesonic molecular states. The probability for
the formation of bq¯ mesons with a given flavor is about 30% of the total cross
section because of the competition between different flavors. In the discussed
processes gluon radiation is a small correction because of the restricted phase
space and the large b-quark mass.
At the collision energies considered here, the combinatorial background is
significantly smaller than at the LHC energies, which makes the observation
of the excited states containing heavy quarks easier.
2.3 Hidden beauty resonance production
In contrast to charm production, the cross section for hidden beauty reso-
nance production pp → χb may be too low to be observed at the HESR.
Within the standard quarkonium models, where a QQ pair annihilates into
two gluons which subsequently fragment into light quarks, one can estimate
that this cross section drops with MQ as RQ = Γ(χQ → pp)/Γtot(χQ) ∝
α8s/M
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Q. This is because this cross section is proportional to the partial width
of the decay pp → χb, which drops with an increase of MQ. The ratio of
cross sections of beauty production through a χb intermediate state to that
for charm is ≈ [αs(MQ)/αs(Mc)]8/[Mc/Mb]10 with an additional factor of
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M−2Q stemming from the expression for the resonance cross section. The sup-
pression is due to the necessity of a light-quark rearrangement in the wave
functions of the proton and antiproton to obtain decent overlapping with χb
states. In the non-relativistic approximation the wave functions of χb states
vanish at zero inter-quark distance. Thus the overall suppression for the to-
tal cross section of χb production as compared to that of χc production is
approximately 10−7.
3 Potential for discovery of new states
Investigating pp collisions at moderate energies carries specific advantages
for searches of new states as the bb-production rate is relatively high, while
the overall multiplicity, which determines the background level, is rather
modest. Also, an equal number of states containing quarks and antiquarks
is produced enabling cross checks of observations using conjugated channels.
In the following we will discuss resonances containing heavy quarks with
the understanding that everything said equally applies to the resonances
containing heavy antiquarks. Although the rates in many cases are rather
modest, we nevertheless include the discussion of these channels in view of the
possibility to have a higher-energy collider, as discussed in the final remarks
(Sec. 6).
3.1 bqq-baryons and bq mesons
The current knowledge of the spectrum of the excited states containing b- or
b-quarks is very limited. According to the PDG [21], in the qb sector there are
two states BJ(5970)
+ and BJ(5970)
0 with unknown quantum numbers which
could be excited states of the B+ and B0, respectively. In the bqq-sector there
are two baryons Λb(5912)
0 and Λb(5920)
0 which can be regarded as orbitally
excited states of Λ0b and one excited Σ
∗
b state. This is much less in comparison
with the cqq sector where five excited Λ+c states and two excited Σc states
are listed in the Review of Particle Physics (all having a weak experimental
rating ***).
So there are plenty of opportunities here. One noteworthy issue is the
comparison of the accuracy with which the heavy-quark limit works for
hadrons containing b quarks vs. those containing c quarks.
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Figure 2: Double parton interaction mechanism for the production of two
pairs of heavy quarks.
3.2 Excited states containing bb
As argued above it is very difficult to produce bound states containing bb in
the resonance process of pp annihilation. Nevertheless, many of these states,
as well as other states like analogs of X, Y, Z charmonium states, could be
produced in inelastic pp interactions. This is because the invariant mass of
the produced bb system is rather close to the threshold, and because the
bb pair is produced in association with several valence quarks and valence
antiquarks which have rather low momenta relative to the bb pair.
3.3 Baryons and mesons containing two heavy quarks
Since there are three valence antiquarks colliding with three valence quarks
in pp, one can produce two pairs of heavy quarks in a double quark-antiquark
collision. This entails a possibility for producing the following baryons and
mesons containing two heavy quarks:
(i) ccq baryons.
At the collision energies discussed, the contribution of the leading-twist
mechanism of 2g→ QQQQ for the double heavy-quark production should be
quite small as it requires very large x of the colliding partons (the situation
might be less pronounced for the case of the double cc production than for
bb). Therefore, the only effective mechanism left is the production of two
pairs of heavy quarks in two hard parton-parton collisions (see Fig.1).
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For the case of double cc pair production, one can estimate cross sections
by considering the suppression factor for the production of the second cc pair
relative to a single cc pair. This factor can be roughly estimated using the
high-energy experimental studies of double-parton collisions at the Tevatron
collider. One finds a probability of about 10−3 for the ratio of the cross section
for producing two cc pairs relative to a single pair. (To be conservative
we took a factor of two larger value of σeff = 30 mb corresponding to no
correlations of gluons in the nucleon wave function. This is a factor of two
larger than the value measured at Tevatron where small-x effects reduce σeff ,
for a recent review see [22]. ) These considerations result in
Ncc,cc = 10
6, (4)
as an estimate for the yearly number of events with two pairs of cc. Since
the available phase space is rather modest, there is a significant probability
that the relative velocity of two c-quarks would be small, and therefore a ccq
state would be formed.
Other interesting channels are the production of an open charm-anticharm
pair plus a charmonium, and simultaneous production of two charmoniums.
(ii) bcq baryons and bc mesons.
The bbcc pairs are produced pretty close to threshold and have small
relative velocities. Hence there is a good chance that they would form a bcq
baryon. About 103 events per year of running with bbcc could be expected
based on the double parton interaction mechanism.
(iii) bbq baryons.
Assuming bb is produced via double parton interaction mechanism ( Fig.
2) we estimate that a production of ∼ 102 bb¯bb¯ would require a a one-year
run at a much higher luminosity of 1033 cm−2s−1. The velocities of two b
quarks are expected to be close in about 1/2 of the events. So there should
be a significant chance for them to form bbq baryons.
(iv) bcc baryons.
Whether it is feasible to observe bcc states requires more detailed esti-
mates and may depend on the structure of the three-quark configurations in
the nucleon. A naive estimate based on the triple parton scattering mecha-
nism is that 102 events with bccbcc would be produced in a one-year run at
a higher luminosity of 1033 cm−2s−1.
Note also that even though a bc meson has been observed (although its
quantum numbers are not known), there are potentially many other states
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built of these quarks suggesting a rich spectroscopy (mirroring the spectra of
cc- and bb-onium states).
3.4 Summary
To summarize, it would be possible with PANDA at the HESR-C pp collider
to discover and to study properties of meson and baryon states containing
one b quark and light (anti) quarks, complementing the charmonium states
which are planned to be explored in the PANDA fixed-target experiment.
There are also good chances to discover the double-heavy-quark baryonic
and mesonic states. These new potential observations will allow to achieve a
much deeper understanding of the bound-state dynamics in QCD.
4 Other opportunities
In the last decades much effort has been devoted to studying high-energy
properties of QCD in the vacuum channel - the so-called perturbative Pomeron.
Interactions in non-vacuum channels, on the other hand, have practically
not been studied. The PANDA experiment at a collider provides a perfect
kinematic coverage to study the behavior of Regge trajectories in both the
non-perturbative regime (small Mandelstam |t|) as well as the possible onset
of the perturbative regime. One advantage of the antiproton beam is the
possibility to study a wide range of baryon and meson Regge trajectories,
possibly including Regge trajectories with charmed quarks. The latter will
allow to check the non-universality of the slopes of the Regge trajectories
which were observed already at positive t values.
Other possibilities include Drell-Yan-pair measurements, which at the
lower end of the discussed energy range, may be extended to the limit of
exclusive processes like pp→ µ+µ−+meson which are sensitive to generalized
parton-distribution functions, etc.
Another direction of studies is the investigation of correlations between
valence (anti)quarks in (anti)nucleons using multi-parton interactions (MPI)
analogous to those shown in Fig. 2. In the discussed energy range MPI get a
significant contribution from collisions of large-x partons (double Drell-Yan,
Drell-Yan + charm production, etc.), and the rate of the MPI is inversely
proportional to the square of the average distance between the valence quarks.
In particular the rates would be strongly enhanced in the case of a large
11
probability of (anti)quark-(anti)diquark configurations in the (anti)nucleon.
The analysis of the production of heavy-quark pairs discussed above
would also be of great interest for the study of the multiparton structure
of nucleons.
4.1 pp and pA elastic scattering and absorption
Recently the TOTEM collaboration at the LHC performed a high preci-
sion measurement of the ratio of the real and imaginary of pp scattering at√
s = 13 TeV. They found it to be significantly smaller than the expecta-
tions based on the vacuum (”Pomeron”) C-even exchange[23]. Furthermore,
they observed that pp and pp elastic cross sections for
√
s = 1.96 TeV and√
s = 2.76 TeV respectively differ strongly in the region of the minimum (
−t ∼ 0.7 GeV2) where the cross section is dominated by the real part of the
amplitude [24]. No such significant energy dependence of the real part is
expected in the Pomeron + cuts scenario,
This seems to suggest that the contribution of the C-odd amplitude is
not as small as suggested by the existing fits based on the C-even domi-
nance. It was suggested to refer to the C-odd exchange as Odderon [25]. In
pQCD such an exchange is present as the ladder which starts from the three
gluon exchange though its absolute rate cannot be calculated so far; pQCD
model calculations lead to the expectation that the ratio of the Odderon and
Pomeron amplitudes should drop with energy. If so, one should look for the
Odderon effects at significantly smaller energies than 2 TeV. Hence high pre-
cision measurements of Re/Im in pp scattering at a range of energies, and
their comparison with the pp data would be highly desirable.
A complementary information can be obtained from measurements in
elastic antiproton-nucleus collisions. So far such measurements were done
only at LEAR for plab < 1 GeV/c. It has turned out that owing to the
forward-peaked pp elastic scattering amplitude the Glauber model describes
LEAR data on the angular differential cross sections of pA elastic scattering
surprisingly well. This is in contrast to the pA elastic scattering where the
Glauber model description starts to work only above plab ∼ 1.5 GeV/c [26].
Glauber theory analysis [27] has shown that the pA and pA angular dif-
ferential elastic scattering cross sections at plab = 10 GeV/c (fixed target
PANDA) strongly differ in the diffraction minima due to the different ratios
of the real-to-imaginary parts of pN and pN elastic scattering amplitudes.
Experimental confirmation of such a behavior would be a good validity test
12
of the Glauber theory, important in view of its broad applications for other
reaction channels, and of the input elementary amplitudes which are typically
given by Regge-type parameterizations. In particular, the pn elastic ampli-
tude is accessible only by scattering on complex nuclei. The determination
of diffractive structures at pA-collider energies would require good transverse
momentum transfer resolution ∼ 10 MeV/c and the capability to trigger on
the events where the nucleus remains intact (see the discussion in Sec. 5.2).
Light nuclear targets are preferred as their diffractive structures are broader
in pt, and there is a smaller number of possible excited states. Spin-0 targets
like 4He are especially suitable for these purposes. Since 4He has zero spin
the depth of the minimum at −t ≈ 0.2 GeV2 [28] is given by the real part
of the amplitude. Note that here the contribution of the Reggeon-exchange
like ρ exchange is absent in this case due to the zero isospin of the deuteron.
A related problem is the determination of the antiproton absorption cross
section on nuclei (defined as the difference between total and elastic cross sec-
tions). Experimental data on the antiproton absorption cross section above
LEAR energies are quite scarce, although such data are needed for cosmic
ray antiproton flux calculations [29].
4.2 Rapidity migration of the fragments of the projec-
tile
The dynamics of the fragmentation of the hadronic projectiles in the scatter-
ing off protons and nuclei is not studied in much detail especially for forward
rapidities. The use of antiprotons for these purposes has certain advantages
as compared to the use of protons as for large rapidity intervals it allows
to distinguish contributions of the projectile and nucleus fragmentation. It
would be possible to study how much the fragmentation of the projectile is
suppressed as a function of multiplicity of hadrons produced at the central
rapidities as well as in the nucleus fragmentation region. Use of several nuclei
would allow to study the dependence of the rapidity distribution of p, Λ, etc.
as a function of the nuclear thickness, T (b)
∫∞
−∞ dzρA(b, z). In particular one
would be able to study how the spectra of antibaryons having one or two
common antiquarks vary with the projectile.
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4.3 Coherent hypernuclei production
While ordinary Λ-hypernuclei were discovered long ago, the Λ+c - and Λ
0
b-
hypernuclei were predicted in the mid-70s [30, 31] but have not been observed
so far. However, their existence is expected based on a number of models,
e.g. the quark-meson coupling model [32].
The processes pp→ Y Y , where Y = Λ,Λ+c or Λ0b, have the lowest thresh-
olds among all possible other channels of the respective ss, cc or bb produc-
tion channels in pp collisions. Thus, they are preferred for Y -hypernuclei
production as the momentum transfer to the hyperon is relatively small.
The coherent reactions AZ(p,Λ) AΛ(Z − 1) for the different states of the
hypernucleus have never being studied experimentally. It is expected that
these reactions have cross sections of the order of a few 10 nb at plab ∼
20 GeV/c [33]. Thus, they can serve as a powerful source of Λ-hypernuclei
production at the lower end of the pA-collider energies. Here, the amplitude
pp→ ΛΛ should be dominated by the K∗ (or K∗ Regge trajectory) exchange.
More challenging is the coherent process AZ(p,Λ
−
c )
A
Λ+c
Z [34] where the
underlying pp→ Λ−c Λ+c amplitude is due to D0 and D∗0 exchanges. One can
also think of the AZ(p,Λ
0
b)
A
Λ0b
(Z − 1) coherent reaction.
5 Unique opportunities for probing QCD prop-
erties at the pA collider
5.1 Space-time picture of the formation of hadrons
containing heavy quarks
The kinematics of heavy-quark-state production in collisions of p(p) with
proton or nuclei (neglecting Fermi motion effects) dictates that heavy states
can only be produced with momenta
pQ > M
2
Q/2mNxq −mNxq/2 (5)
in the rest frame of the nucleus. Here xq is the x of the quark of the nucleus
involved in the production of the QQ pair. For xq ≤ 0.5 this corresponds to a
charm momentum above 4 GeV/c which is much larger than typical momenta
of the heavy system embedded in the nucleus.
14
However, there is a significant probability that D, Λc, . . . hadrons slow
down due to final-state interactions. Indeed, it is expected in QCD that the
interaction strength of a fast hadron with nucleons is determined by the area
in which the color is localized. For example, the cross section of the ψ′-N
and kaon-nucleon interaction should be comparable. At the same time the
ψ′-N cross section should be much larger than the J/ψ-N cross section, since
the color is localized in a small volume in J/ψ, see for example discussion in
[35]. Also the cross sections of open charm (bottom) interactions should be
on the scale & 10 mb.
The formation distance (coherence length) can be estimated as
lcoh ' γl0, (6)
where l0 ' 0.5-1.0 fm. For the discussed energies and the case of scattering
off heavy nuclei the condition
lcoh ≤ RA, (7)
is satisfied for hadrons produced in a broad range of momenta including
the central and nucleus fragmentation region. So it would be possible to
explore the dependence of the formation time and interaction strength on,
for example, the orbital angular momentum of D∗. This would allow to test
the expression for the formation distance lcoh = 2p/∆M
2 [36], where p is the
hadron momentum and ∆M2 is typically given by the difference of masses
of the hadron and the closest mass states with the same quantum numbers.
Observing these phenomena and hence exploring QCD dynamics in a new
domain could be achieved by studying the A-dependence of charm production
at momenta . 10 GeV/c (in the rest frame of the nucleus).
5.2 Charm bound to nuclear fragments
The formation of heavy mesons or baryons, H, inside nuclei implies final-state
interactions which slow down these heavy hadrons, leading to the production
of hadrons at low momenta forbidden for scattering off a free proton (cf.
Eq.5):
pH ≤ (m2H −m2N)/2mN . (8)
In this kinematics the slow-down may be sufficient to allow for the production
of (anti-)charm quarks embedded in nuclear fragments. The collider kinemat-
ics would make it easier to detect decays of such nuclei than in fixed-target
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setups as these nuclei would be produced with high momenta (velocities com-
parable to those of ordinary nuclear fragments). Thus the discussed HESR-C
collider in the pA mode would have a high discovery potential for observing
various nuclear states containing c and/or c.
Higher luminosities and higher collider energies will allow the search for
analogous b and/or b states.
5.3 Color fluctuations in nucleons
At high energies hadrons are thought to be interacting with each other in
frozen configurations which have different interaction strengths – so-called
color fluctuations. One can explore these phenomena in (anti)proton-nucleus
collisions in a number of ways. Here we give as one example the study of the
interaction strength of a hadron in the case of a configuration that contains
a large-x (x ≥ 0.4) parton. One expects that in such configurations the
average interaction strength is significantly smaller than σtot(hN). In these
configurations color screening leads to a suppression of the gluon fields and
of the quark-antiquark sea [37]. This picture has allowed to explain [38, 39]
strong deviations of the centrality dependence of the leading-jet production
from the geometrical picture (Glauber model of inelastic collisions) observed
at the LHC in p-Pb collisions and at RHIC in d-Au collisions.
Due to a fast increase of the interaction strength for small-size configura-
tions with increasing energy, the strength of color fluctuations drops at higher
energies. Correspondingly color-fluctuation effects are expected to be much
enhanced at the HESR-C pA-collider energies. For example, for x ' 0.6,
the cross-section ratio, of the average strength of the interaction of a proton
in a configuration containing a quark with given x, σeff(x) and σtot(NN), is
expected to be ∼ 0.25, while at the LHC it is ∼ 0.6.
To observe this effect one would need to study Drell-Yan production at
large x. A strong reduction of hadron production in the nucleus fragmenta-
tion region would be a strong signal for the discussed effect. For its detailed
study measurements with different nuclei would be desirable.
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5.4 Study of short range correlations at a hadron col-
lider
5.4.1 Brief summary of the studies of the short -range correlations
The presence of the high momentum correlated component in the nuclear
wave function was expected within microscopic theories of nuclei since the
1960s, see for example [40, 41, 42].
A distinctive feature of these correlations is that the singular nature of
the short range NN interaction generates a universal (up to normalization
and isospin effects) high-momentum component in the nucleus wave function
with the fast nucleon momentum balanced by a few nucleons, predominantly
by one – 2N short range correlation (SRC). In the SRC the distances be-
tween nucleons are much smaller than on average, leading to local densities
comparable to densities in the cores of neutron stars.
Thus the investigation of the inner structure of SRCs and the pattern of
balancing the large momentum recoil are an important step in probing the
dynamics of the cores of neutron stars in the laboratory.
A number of attempts to observe experimentally such correlations have
been undertaken and it has been repeatedly found that multistep processes
mask the contribution of the SRCs leading to a widely held belief that
SRCs cannot be observed. However, the multistep processes in similar reac-
tions may probe the cumulative phenomenon of sub-threshold particle pro-
duction [43]. This has been confirmed by microscopic transport calcula-
tions [44, 45] and is still to be verified experimentally.
It has been concluded in [46, 47] that these failures are explained by the
lack of a significant difference between the scales of the energy-momentum of
the probed bound state and the energy-momentum transfer in the measured
process.
The condition for resolving said 2N SRCs is that the energy- and mo-
mentum transfer, q, satisfies the condition
q0  k2/mN , q3  2k, (9)
where k is the momentum of struck nucleon.
The first high-energy signal for the presence of SRCs in nuclei comes from
the studies of the processes
a+ A→ fast backward nucleon + X, a = p, pi, γ, ν, (10)
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in the kinematics where the Feynman xF for the nucleon scaled to A exceeds
1 + kF/mN , where kF is the nucleon Fermi momentum.
We will discuss the case of the fragmenting nucleus viewed as a “projec-
tile”. In the frame where the nucleus is fast, the Feynman variable can be
thus defined as
xF =
pzN
P zA
, (11)
where pzN and P
z
A are the longitudinal momenta of the emitted nucleon and
the nucleus, respectively. In the case of a hadron-nucleus interaction it is
convenient to introduce a scaled variable
αN = xFA. (12)
In the reference frame, where the nucleus has large a momentum P ,
αN = ApN/P. (13)
Since the produced nucleon cannot carry the momentum fraction larger than
1 of the involved nucleon subsystem, the production of a nucleon with α ≥ j
(where j is an integer ≥ 1) requires a process involving at least j+1 nucleons.
The spectator mechanism of the production of a fast backward nucleon
has been proposed in which the projectile hadron (photon, neutrino) interacts
inelastically with one nucleon of the 2N SRC, carrying a light-cone fraction
α1 and releasing the second nucleon of the SRC [46] with α2 ≈ 2−α1. (Note
here that in typical high energy interactions with a nucleon and momentum
transfer to the nucleon satisfy Eq. 9.) The model predicts that the spectra of
nucleons from deuteron and 4He would be close between α ≥ 1.3 and α ∼ 1.6
with an upper limit determined by the contribution from 3N SRCs and that
for A ≥ 4 the α-distributions are practically the same at least up to α ∼ 2.
These expectations have been confirmed by the data; for a summary see [47].
Furthermore for light nuclei the relative probability of 2N correlations in
the nuclei and the deuteron has been determined which has been confirmed in
large-Q2, x ≥ 1.4 inclusive A(e, e′) reactions [48] which have tested both the
universality of 2N correlations and the dominance of the light-cone dynamics
in the (e,e’) reactions.
The following studies have focused on quasi exclusive reactions starting
with the large momentum transfer (−t ∼ 5 GeV2) reaction
p + C→ pp + backward neutron + (A− 2)∗. (14)
18
It has been observed that for momenta ≥ 250 MeV of the struck nucleon
in about 90% of the scattering events of a fast proton a backward neutron
with balancing momentum is produced [49]. Such a dominance of neutron
emission is the natural consequence of the dominance of I = 0, S = 1 NN
SRCs in the nucleus wave function.
Further studies at Jlab of the reactions
e + A→ e + forward p + spectator n(p) + (A− 2)∗, (15)
e+ A→ e + forward n + spectator p + (A− 2)∗, (16)
at x ≥ 1.2, Q2 ≥ 1.5 GeV2 have confirmed the dominance of the scattering off
2N SRCs and tested the dominance of the pn SRCs (see [50] and references
therein). Note that measurements with proton and electron projectiles are
complementary as in the case of the proton projectile the primary interaction
occurs with the forward nucleon, and the spectator is emitted in the backward
direction, while in the electron case the kinematics has been studied in which
the electron is interacting with a backward nucleon (α > 1) and the spectator
is emitted forward. Also, due to a stronger absorption in the case of proton
projectiles, the proton induced reactions probe lower densities than electron-
induced processes. The collider kinematics has a number of advantages as
compared to the fixed target setup. In particular, in the Collider setup it
is rather easy to detect all products of interactions with a SRC - as they
move along the projectile direction. On the contrary, in case of the proton
projectile the SRC constituents fly in different directions - both forward and
backward.
Comment. The concept of the relativistic nucleon momenta within a
SRC is beyond the framework of the non-relativistic theory. Popular model
assumptions like the ones used in [51, 52] violate probability conservation
as well as the global symmetries. They also lead to the presence of certain
configurations in nuclei which cannot be knocked out from the nucleus - an
obvious contradiction with quantum mechanics. In the relativistic limit one
has to take into account the production of virtual NN pairs. These effects
can be adequately taken into account in light-cone quantum mechanics of
nuclei which is in a direct correspondence with the space-time evolution of
high-energy processes (for an extensive discussion see [47]). Note also that
high-energy processes allow to investigate modifications of quark and gluon
distributions in bound nucleons and the onset of the transition to collective
behavior of quarks and gluons which is manifested in the EMC effect.
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5.4.2 Opportunities at Colliders
In the collider kinematics it would be possible to study in greater detail the
dynamics of interactions of antiprotons with 2N correlations in the inelas-
tic channels including shadowing due to simultaneous interaction with two
nucleons of the correlation, studying transverse momentum balance between
an αN < 1 nucleon (fast backward in the nucleus rest frame) and αN > 1)
nucleons (forward-emitted in the nucleus rest frame). The selection of events
with fast backward nucleons may give unique information about the interplay
between Glauber like mechanisms of knock out of nucleons and mechanisms
involving secondary cascade interactions.
It would also be possible to study quasi-elastic channels for a range of
momentum transfers above 1 GeV2 for the scattering off both αN > 1 and
αN < 1 nucleons (in the case of medium energies only studies of scattering
off αN < 1 moving nucleons is feasible due to the strong suppression of the
cross section for scattering at large angles).
Using hadronic projectiles may play a very important role in the studies
of higher order (in particular 3N) SRCs. Such correlations can emerge from
an iteration of two hard NN interactions or from the genuine three-nucleon
interaction. The ratio of the probability of 3N and 2N SRCs is expected to
grow with nuclear density for large nucleon momenta. Hence they could play
a significant role in the cores of the neutron stars.
The current evidence for the 3N SRCs comes from the studies of the
reaction (10) for α ≥ 1.6 where contribution of 2N SRCs is suppressed, from
modeling 3N SRCs as an iteration of the hard interactions of two nucleons
[47], studies of the 3He wave function [53], as well as studies of the (e,e’)
reaction at x ≥ 2.5 [54].
The studied reactions do not explicitly probe 3N correlations as they do
not measure the final state ((e,e’) reactions) or just measure one nucleon
(reaction 10). Obviously more exclusive measurements are necessary. The
production dynamics of a nucleon spectator from j > 2 SRCs is more compli-
cated than in the case of 2N SRCs. In the 2N case it is sufficient to transfer
a large energy and momentum to the second nucleon (9). However in the
case of 3N SRCs this is not sufficient, as the second nucleon of the correla-
tion does not receive a large kick, and the bond between this nucleon and
the spectator is not destroyed, leading to a significant final-state interaction
and a suppression of the yield of the fast nucleon. A much more effective
mechanism is the interaction of the projectile with two nucleons balancing
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a large α nucleon [47]. In the case of hadronic projectiles such double in-
teractions occur without suppression since the three nucleons are close to
each other. However in DIS such interactions are strongly suppressed (if
x is not small). Hence a comparison of the p(p)A and γ∗A production of
fast backward nucleons would allow to separate different SRCs. It would
be also possible to use the final-state information to select events in which
one or two nucleons of the target are involved in the high-energy interac-
tions with the projectile. In the case of quasielastic scattering at large |t|
one can also separate events originating from 2N and 3N SRCs by studying
how many nucleons are balancing the nucleon with large α and p2t ≥ 2 GeV2.
In the case of two nucleons it should be predominantly a pn system, for
three nucleons – ppn or nnp: h + A → h(pt ≥ 1.5 GeV) + pn + (A − 2)∗,
h+ A→ h(pt ≥ 1.5GeV ) + ppn (nnp) + (A− 2)∗.
At the collider one can also study effects of nonnucleonic degrees of free-
dom like ∆ isobars, N∗, etc.
Obviously these would be challenging measurements, with their interpre-
tations leading to a better understanding of the dynamics of hadron-nucleus
scattering. Having complementary programs at fixed-target and electron-ion
colliders would be critical for the success of such studies as comparisons of
these seemingly different reactions would test the factorization of observed
cross sections into a product of the elementary cross section and nuclear de-
cay function and address the question of the role of the f.s.i. which are very
different in the electron and hadron reactions.
5.5 Probing pure glue matter
One of the central questions in high-energy hadronic and nuclear collisions
is how the initially non-equilibrium system evolves towards a state of appar-
ent (partial) thermodynamic equilibrium at later stages of nuclear collisions.
Presently, the community favors a paradigm of an extremely rapid (equili-
bration time teq less than 0.3 fm/c) thermalization and chemical saturation
of soft gluons and light quarks.
The large gluon-gluon cross sections lead to the idea [55] that the glu-
onic components of colliding nucleons interact more strongly than the quark-
antiquark ones. A two-step equilibration scenario of the quark-gluon plasma
(QGP) has been proposed in [56, 57, 58]. It has been assumed that the gluon
thermalization takes place at the proper time τg < 1 fm/c and the (anti)quark
equilibration occurs at τth > τg. The estimates of Refs. [59, 60, 61] show that
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the quark equilibration time τth can be of the order of 5 fm/c. More recent
studies [62, 63], based on QCD effective kinetic theory [64], suggest smaller
values of τth ∼ 1-2 fm/c and that a longitudinally expanding system is not
yet thermalized at chemical equilibration but exhibits a considerable mo-
mentum anisotropy. The hydrodynamic behavior, however, sets in before
chemical equilibration, making a viscous fluid dynamical description appli-
cable already at the early stages [65, 66]. In the present exploratory study
we shall focus on the effects of chemical non-equilibrium while preserving the
ideal hydrodynamic description for simplicity. A more quantitative future
study shall take into account the viscous corrections and effects of momen-
tum anisotropy.
The pure glue scenario has been proposed for the initial state at midra-
pidity in Pb+Pb collisions at the Relativistic Heavy Ion Collider (RHIC) and
Large Hadron Collider (LHC) energies [67, 68]. According to lattice-QCD
calculations [69], quarkless purely gluonic matter should undergo a first-order
phase transition at a critical temperature Tc = 270 MeV. At this temper-
ature the deconfined pure-glue matter transforms into the confined state of
pure Yang-Mills theory, namely into a glueball fluid. This is in stark contrast
to full QCD equilibrium with (2+1) flavors, where a smooth crossover tran-
sition takes place (see Fig. 3 for a comparison of the corresponding equations
of state).
At
√
sNN ' 30 GeV pp(A) collisions can create only small systems.
Baryon free matter can be expected if the pp annihilation occurs briefly in
the initial stage of the collision. An enhanced annihilation probability can be
expected in pA collisions over the pp collisions. However, the matter created
in pA collisions will not be net-baryon free. In the following we focus on the
particular class of pp events where baryon free matter is created. Note that
the described pp collisions at PANDA are quite different from the heavy-ion
program of the future compressed baryonic matter (CBM) experiment at
FAIR. The heavy-ion collisions at CBM will create excited baryon-rich QCD
matter rather than baryon-free pure glue matter in PANDA. Therefore, the
PANDA program will be complementary to the CBM experiment.
If indeed a hot thermalized gluon fluid, initially containing no (anti)quarks,
is created in the early stage of a pp (or pA collision) at mid rapidity, it will
quickly cool and expand until it reaches a mixed-phase region at T = TYMc .
After the initial pure gluon plasma has completely transformed into the glue-
ball fluid, the system will cool down further. The heavy glueballs produced
during the Yang-Mills hadronization process, where the pure glue plasma
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forms a glueball fluid, will later evolve into lighter states, possibly via a chain
of two-body decays [70], and finally decay into hadronic resonances and light
hadrons, which may or may not show features of chemical equilibration.
Of course, a more realistic scenario must take into account that some
quarks will be produced already before and during the Yang-Mills driven
first-order phase transition. This scenario can be modeled by introducing a
time-dependent effective number of (anti)quark degrees of freedom, given by
the time-dependent absolute quark fugacity λq [71]:
λq(τ) = 1− exp
(
τ0 − τ
τ∗
)
. (17)
Here τ∗ characterizes the quark chemical equilibration time, and τ is the
longitudinal proper time.
To illustrate the above considerations, we apply the (2+1)-dimensional
relativistic hydrodynamics framework with a time-dependent equation of
state, developed in Refs. [72, 73] and implemented it in the vHLLE pack-
age [74], to pp collisions at HESR. The equation of state interpolates linearly
between the lattice equations of state for the purely gluonic Yang-Mills (YM)
theory [69] PYM(T ) at λq = 0 and for the full QCD with (2+1) quark flavors
[75] PQCD(T ) at λq = 1:
P (T, λq) = λq PQCD(T ) + (1− λq)PYM(T )
= PYM(T ) + λq [PQCD(T )− PYM(T )].
PYM(T ) and PQCD(T ) are shown in Fig. 3.
The hydrodynamic simulations of pp collisions at
√
s = 30 GeV discussed
below assume a hard-sphere initial energy density profile with radius R =
0.6 fm. The normalization of the energy is fixed in order to yield an initial
temperature of 273 MeV in the central cell, which is slightly above the critical
temperature of 270 MeV. This choice is motivated by Bjorken-model based
estimates at
√
s = 30 GeV for small systems [76].
Figure 4 (a) shows the τ -dependence of the temperature in the central cell
for different quark equilibration times: τ∗ = 0 (instant equilibration), 1 fm/c
(fast equilibration), 5 fm/c (moderate equilibration), 10 fm/c (slow equilibra-
tion), and τ∗ → ∞ (pure gluodynamic evolution). In the pure gluodynamic
scenario, τ∗ → ∞, the system spends a very long time in the mixed-phase
region. A fast quark equilibration shortens the time period spent in the
mixed phase significantly. Nevertheless, a significant fraction of the system
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Figure 3: Temperature dependence of the scaled pressure, p/T 4, obtained in
lattice QCD calculations of the Wuppertal-Budapest collaboration for (2+1)-
flavor QCD [75] (red line) and for Yang-Mills matter [69] (blue line). The
black dash-dotted line depicts the difference between the pressure in full QCD
and in Yang-Mills theory.
evolution takes place in the mixed phase of the gluon-glueball deconfinement
phase transition for a moderately fast quark equilibration (τ∗ = 5 fm/c), as
illustrated by Fig. 4b. Thus, significant effects of the initial pure-glue state
on electromagnetic and hadronic observables are expected for this collision
setup.
These results illuminate the future HESR-collider option with the central
PANDA experiment detector as an exciting upgrade for FAIR, a promising
option to search for even heavier glueballs and hadrons than envisioned for
the fixed target mode, and for other new exotic states of matter. Of course,
the results have been obtained within a largely schematic calculation of pp
collision dynamics which employs ideal hydrodynamics and chemical equili-
bration of quarks put in by hand. Nevertheless, we hope that the possibility
to observe remnants of the first-order phase transition in pure gluodynamics
suggested by the result will motivate experimental measurements at PANDA
as well as more detailed theoretical studies based e.g. on viscous hydrody-
namics or partonic transport theory.
24
0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
120
140
160
180
200
220
240
260
280
central cell
 * = 0 (Full QCD)
 * = 1 fm/c
 * = 5 fm/c
 * = 10 fm/c
 * =  (Pure glue)
T 
(M
eV
)
 (fm/c)
Hard Spheres IC, R0 = 0.6 fm, T0 = 273 MeV
- 2 - 1 0 1 20 . 5
1 . 0
1 . 5
2 . 0
2 . 5
3 . 0
( b )
F O P T
1 5 5
2 0 0
R 0  =  0 . 6  f m ,  T 0  =  2 7 3  M e V
H a r d  S p h e r e s  I C τ *  =  5  f m / c
τ (fm
/c)
x  ( f m )
5 0
1 0 0
1 5 0
2 0 0
2 5 0
2 7 0
3 0 0
3 5 0
4 0 0
T  ( M e V )
Figure 4: The temperature profile of the central cell in the longitudinally
boost invariant (2+1)-dimensional hydro evolution for pp collisions in the
pure-glue initial state, the Yang-Mills scenario. A hard spheres overlap,
transverse density profile with radius R = 0.6 fm is used as the initial con-
dition. The normalization is fixed in order to yield an initial temperature
of 273 MeV in the central cell. (a) The τ -dependence of the temperature
is given for the central cell for different quark equilibration times: τ∗ = 0
(instant equilibration), 1 fm/c (fast equilibration), 5 fm/c (moderate equili-
bration), 10 fm/c (slow equilibration), and for τ∗ → ∞ (pure gluodynamic
evolution). (b) The temperature profile in the x− τ plane for τ∗ = 5 fm/c.
5.6 Constituent antiquark-quark Drell- Yan processes
and dilepton production
Low-mass lepton pair production has raised the interest in the field for
decades. A quite robust theoretical understanding [77, 78, 79, 80, 81, 82]
of dilepton production in heavy-ion collisions at various energies has been
gained. There dileptons play a special role as messengers from the early
stages, as penetrating probes.
At large invariant dilepton masses the perturbative Drell-Yan (DY) mech-
anism of QCD sets in. The minimal M2DY value, where the DY mechanism
dominates, is not well known as it is difficult to separate it experimentally
from the contribution of charm and J/ψ production. It seems that the DY
pair production mechanism dominates at MDY ≥ 2 GeV. For pp(A) collisions
at intermediate energies, MDY should be lower than for proton projectiles due
to the lower background contributions to lepton pairs from hadronic decay
because of the presence of abundant valence antiquarks as discussed above.
Higher-twist mechanisms may delay the inset of the leading-twist contri-
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Figure 5: Left: The GRV LO light-anti-quark parton-distribution functions
(PDFs) at m2 = 10 GeV2 (thin lines) and m2 = 1 GeV2 (bold lines) for
antiprotons, protons [83], and pions [84]. Right: The ratio of the PDFs
for light anti-quarks in antiprotons and in protons. For further details, see
[85, 86, 87].
bution in the case of interactions with nuclei. Drell-Yan production of dilep-
tons at intermediate invariant masses by reactions with secondary mesons and
(anti-)baryons in pA and AA collisions has been investigated in [85, 86, 87].
At the lower beam energies of the beam-energy scan at RHIC, at FAIR, and
at NICA, strong contributions from secondary DY processes are predicted for
low- and intermediate-mass dilepton pairs due to the formation of mesons
at time scales . 1 fm/c, i.e. during the interpenetration stage of projectile
and target. This implies that inflying primordial projectile and target nucle-
ons from the interpenetrating nuclei collide with just newly formed mesons
(e.g., ρ and ω with constituent-quark and constituent-antiquark masses of
∼ 300 MeV each).
For pp and pA reactions, the Drell-Yan production is enhanced already
for the primordial collisions due to the presence of valence antiquarks of the
antiproton, as displayed in Fig. 5 which shows the ratio of light-antiquark
PDFs in antiprotons and protons. With the HESR-C pp and pA collider
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discussed here a direct assessment of the valence-quark valence-antiquark
parton distributions in pp and pA collisions is accessible. The comparison
of dilepton production by proton and antiproton induced reactions provides
unique information on the relative role of initial- and final-state mechanisms.
In particular, by comparing dilepton production in proton and antiproton
fragmentation regions one may expect the maximal difference between the
two cases.
Calculations of the inclusive (integrated over transverse momenta) DY
production can be performed now in the NNLO DGLAP approximation.
The techniques were developed for calculations of transverse momentum dis-
tributions which include effects of multiple gluon emissions (the Sudakov
form factor effects) and nonperturbative transverse momentum distributions
(TMD), see e.g. [88] and references therein. TMDs contribute to the differ-
ential cross section predominantly at small transverse momenta of the DY
pairs and for moderate masses of the pairs.
For large masses the theory works now very well providing a parameter
free description of Z−boson production at the LHC including the transverse-
momentum distribution.
Corresponding high precision data for fixed target energies are very lim-
ited especially for the antiproton projectiles. As an illustrative example Fig.
6 shows the result of the model for pW collisions of the E537 collaboration
at
√
s = 15 GeV [89].
The data are compared with the model calculation [90] which includes
pQCD parton evolution, and the TMD effects.
The model parameters have been fixed by using data on dimuon transverse-
momentum spectra in pp collisions at
√
s = 39 GeV from the E866 collabo-
ration in [92, 93]. This model describes the dimuon production data without
any adjustment of model parameters quite well, in particular, the absolute
cross section in pd collisions from the E772 collaboration [94], in pCu colli-
sions from the E605 collaboration [95] at the same collision energy, as well as
in pA collisions from the E288 collaboration [96] and in pW collisions from
the E439 collaboration [97] at
√
s = 27 GeV.
The presence of the abundant anti-quarks and the forward kinematics
experimental arm of PANDA at the HESR-C pp collider allows to determine
the minimal M2 for which the DY mechanism works since the background
contributions are expected to be surpressed in comparison to pp collisions
due to the above discussed presence of the valence-anti-quarks in the p. (Note
that the charm contribution is strongly suppressed at xp ≥ 0.4 as a lepton
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Figure 6: Invariant-mass (left) and transverse-momentum spectra (right) of
DY dimuon pairs in pW at
√
s = 15 GeV collisions from the model described
in [90] in comparison to data are from the E537 collaboration [89]. The used
integrated PDF’s are the MSTW2008LO68cl set [91].
in a charm decay carries, on average, only 1/3 of the D-meson momentum
(and even less for charm baryons, and that in addition PANDA is designed
to measure this contribution accurately).
The onset of factorization in the DY process with nuclei has still not
been explored, but will be very interesting. Indeed, as mentioned already, the
formation length in these processes is pretty small. Hence, one could think of
the process in a semiclassical way, for a rather broad range of energies. In this
picture, in the case of a nuclear target, the antiproton may experience one or
more (in)elastic rescatterings on the target nucleons – before it annihilates
with a proton into a dilepton pair. This effect can be taken into account
within transport models, e.g. GiBUU [98] calculations, which are a good
setup for the antiproton-nucleus dynamics. The antiproton stopping shall
lead to a softening of the invariant-mass and transverse-momentum spectra
of the dilepton pairs. It is also important to include these effects in future
calculations, as it influences the conclusions on the in-medium modifications
of the nucleon PDFs.
At high enough energies the formation time becomes large, but an an-
tiquark which is involved in the DY process can experience energy losses
growing quadratically with the path length [99]. Here one expects pT broad-
ening ∝ A1/3. These studies, if performed as a function of the atomic number
and of the collision energy at fixed xq, may allow to explore these important
effects in great detail.
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6 Final remarks
The exciting science discussed here could be extended to much higher energies
and heavier states if – in a later phase of FAIR – one can manage to reinject
antiprotons from the HESR into one or two of the higher energy main FAIR
synchrotrons, SIS100 for
√
s ≤ 60 GeV and SIS300 for √s ≤ 180 GeV pp
collisions. Then pp collisions can be synchronized to run effectively and
with high luminosity in a collider mode too. Also, crossing beams of SIS100
with SIS300, e.g. 45AGeV heavy ions in the SIS300 colliding with 30 GeV
antiprotons (or protons), or with ions of 15AGeV in the SIS100 can be
envisioned. Also other asymmetric collisions maybe feasible, e.g., 90 GeV
antiprotons/protons (SIS300) colliding with 15AGeV heavy ions (or with
30 GeV protons or antiprotons), in the SIS100, when a common interaction
region between SIS100 and SIS300 can be established.
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Appendix: PANDA detector
The PANDA detector at FAIR can be used without modifications as a midra-
pidity detector in a future antiproton-proton/ion HESR-collider: primary
high energy proton beams from the SIS18 at GSI are injected clockwise or
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counterclockwise into the HESR-C, see the dark-blue lines in Fig. 1, and
collide with the p’s created at the SIS100 synchrotron complex, collected in
the collector ring and from there filled counterclockwise or clockwise into
the High Energy Storage Ring (HESR); p and p then can be simultane-
ously accelerated in the magnetic fields in the HESR. The p’s shall collide
with the proton beam injected from SIS18 in the middle of the PANDA De-
tector. The PANDA collaboration focuses, in the presently planned fixed
target mode with
√
smax ∼ 5.5 GeV, on hadron spectroscopy, search for
exotic hadrons, hadrons in media, nucleon structure and “(multi-)hyper-
, strangelets, charmed and future beauty exotic nuclei”. To fully exploit
PANDA and the HESR, we present the next generation physics interest for
the high energy antiproton-proton collider physics, which can be realized in a
highly cost effective manner by just adding one simple beam line from the ex-
isting SIS18 synchrotron to the HESR, and by using the versatile, basically
unmodified PANDA detector, to provide precise trajectory reconstruction,
energy and momentum measurements and an efficient particle identification
system, for a momentum range from 1.5 to 15 GeV/c, with peak luminosi-
ties up to ∼ 1031cm−2s−1, and a number of stored antiprotons and protons,
N ∼ 1011. PANDA provides nearly full coverage of the solid angle for the
produced particles, together with good particle identification and high mo-
mentum (∆p/p < 1%) and angular resolutions for both, charged particles
and photons.
PANDA is subdivided into the target spectrometer (TS), consisting of
a large solenoid around the interaction region, and a forward spectrometer
(FS), based on a dipole, to momentum-analyze the forward-going particles,
allowing for the full angular coverage, for a wide range of energies.
The tracking systems are, from the inside outwards: the Micro-Vertex-
Detector (MVD) in the TS yields a precise determination of secondary decay
vertices of short-lived particles, the Straw Tube Tracker (STT) serves as
central tracking device in the magnetic field providing a good momentum
resolution.
A large area planar Gaseous Electron Multiplier GEM-Tracker provides
trajectory position resolution of < 100µm for the forward going tracks in the
TS.
The Forward Tracker (FT) is based on the same type of straws as the
STT and is designed for momentum analysis of charged particles deflected
in the field of the PANDA dipole magnet aiming at a momentum resolution
better than 1%.
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Electromagnetic Calorimetry of PANDA allows for high count rates -
the target spectrometers consist of > 15000 PbWO4 crystals for an excellent
pion/electron discrimination for momenta above 0.5 GeV/c and is designed
to detect photons in the energy range between 10 MeV and 15 GeV with a
resolution ∼ 2%.
The identification of charged particles with extreme accuracy is one of the
key requirements for unveiling many aspects of both, the fixed target program
as well as the new collider physics program envisioned here for PANDA in
the decade 2030-2040.
The PANDA Detector features dedicated particle identification (PID) sys-
tems which classify particle species over a wide kinematic range, in addition
to dE/dx measurements from tracking and information from electromagnetic
calorimetry, the Detection of Internally Reflected Cherenkov light (DIRC) in
the TS, a Time Of Flight System, a Muon Detection System and a Ring
Imaging Cherenkov Detector in the FS.
This fully equipped PANDA Detector System, as now designed for the
fixed target mode of the FAIR-MSV, is also a formidable multi-purpose in-
strument when used as a midrapidity HESR-collider detector:
The unchanged fixed target design’s forward arm can be used for both
the antiproton side - but also for the proton side in the collider mode, if the
antiprotons’ injection direction into HESR can be switched from upwards
to downwards - and, simultaneously for the protons, from downwards to
upwards.
This can be accomplished in a cost effective manner, i.e. without changing
the location of the forward arm and without adding a second spectrometer,
in the following manner: both injection lines into the HESR-collider, namely
• the new short proton beam line, shown in red in Fig. 1, which comes
directly from the SIS18 transfer beamline to SIS100 and
• the antiproton beam line, coming from the SIS100-antiproton produc-
tion target, through the CR,
will be equipped not with only one, but with two deflector switches each,
respectively, into the HESR-Collider, allowing for clockwise and counter-
clockwise rotation of both beams, protons and antiprotons, similar as the
LHCb detector at CERN.
This enables the full HESR-C physics program - with minor adjustments
to HESR - as described in the present paper - with an unmodified PANDA
31
detector - a most cost-effective proposal for realizing most exciting scientific
goals.
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